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Elastic and electronic properties of CuAlSe; under pressure: a first-principles study
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Abstract: We employ the first-principles plane wave method in the frame of density functional theory
(DFT) to investigate the equilibrium lattice structure, the mechanic, thermodynamic and electronic
properties of CuAlSe, compound. The lattice constants, the bulk modulus B, and its pressure derivative
B, are calculated. Based on the quasi-harmonic Debye model, we also obtain thermal expansion coeffi-
cient. It is noteworthy that the variation tendencies of these parameters are investigated detailedly or in
detail with pressure. In addition, we also calculate the elastic constants of CuAlSe, compound. Results
show that the elastic constants C,,, Cs;, C,, and C,; increase with increasing pressure, whereas the in-
fluences of pressure on elastic constant C,, and C4 are not obvious. The calculated elastic constants sat-

isfy the mechanical criterion until the pressure grows to more than 15 GPa, which suggests the structure

Wi B E: 2017-05-17

EE&TH: HERARE¥ISTFER I SL (11502240

EE BN A (1990—), 2o, FEBFF MO H — M R0
BIEE : R K. Email: cuichu@126. com



772 Wl K FFROEAFF RO

% 54 %

phase transition of CuAlSe,may be happened. We also investigate the shear sound velocity Vs, longitu-

dinal sound velocity V|, and Debye temperature @ from our elastic constants, as well as the thermody-

namic properties from quasi-harmonic Debye model. We obtain the dependence between the heat capacity

C, and pressure, and the same as thermal expansion coefficient . At last, the pressure dependences of

band structures and density of states are also investigated, which shows that the value of TDOS decrea-

ses with the increase of the pressure.

Keywords: Density functional theory; Elastic properties; Electronic properties; Thermodymanic proper-

ties

1 Introduction

The kinds of known ternary compounds ex-
hibit diverse physicochemical properties and their
chalcopyrite structure may be obtained from the

zinc-blende structure by ordering the two cation
1]

sublattices'"’. For the family of materials, many
interests are focus on the applications in nonlinear
optics, photovoltaic optical detectors and solar

277 As one of the known ternary com-

cells
pounds, CuAlSe,, which belongs to the family of
chalcopyrite, is a p-type semiconductor with a
wide direct band gap at room temperature®’. This
feature makes CuAlSe, a promising application in
the areas of light emitting diodes 17,

Early in 1992, Morita and Narusawa found
CuAlSe, thin film is blue by MBE ( Molecular

L) And then, several experimen-

beam epitaxy)
tal studies carried on the structural, electronic
and optical properties of CuAlSe,"'* '™, Jaffe and
Zunger used the potential-variation mixed-basis
(PVMB) approach to study the chemical trends in
the electronic structure of CuAlSes'”?. Azuhata ez
al. did the similar work by measuring the first-
order and the second-order Raman spectra-'!. Ei
fler et al. studied experimentally the zone-center
phonon frequencies and the two-phonon spectra
by measuring the Infrared and Raman spectra of
CuAlSe,t,

the properties of CuAlSe, at ambient pressures.

These early studies were carried on

However, high-pressure studies of the CuAlSe,
structure have attracted considerable attention
due to their phase transition and electronic prop-
erties.

In experiments, Roa et al. studied the high-

pressure properties of CuAlSe, , and the chalcopy-
rite compound CuAlSe, was characterized by ener-
gy dispersive X-ray Diffraction (XRD) up to 25
GPa. They concluded that the pressure-induced
first-order phase transition from the chalcopyrite
structure to the cubic structure is observed at
12.4 GPa "%,
pounds CuAlSe, were studied up to 14. 8 GPa in a

The ternary chalcopyrite com-

diamond anvil cell using energy dispersive X-ray
diffraction (EDXRD) by Kumar et al "™, In the
terms of optical experiment, Roa et al. investiga-
ted the optical absorption edge and the Raman ac-
tive modes of CuAlSe,as a function of pressure up
to 30 GPa %,

the dielectric tensor components of CuAlSe,in the

Then, Alonso et al. determined

energy range between 1.4 to 5.2 eV at room tem-
perature by spectroscopic ellipsometry 7,

On the theoretical side, Jayalakshmi er al.
studied the electronic and structural properties of
the chalcopyrite CuAlSe, by using the first princi-
ple self-consistent tight binding linear muffin-tin
orbital (TB-LMTO) method within the local den-

[20] " The structure phase tran-

sity approximation
sition from bct structure (chalcopyrite) to cubic
structure (rock salt) was observed at about 14, 4
GPa. At the same time, they also studied the
band gap value according to band structure,
which was consistent with the experiment re-
sults. Besides, Maeda et al. systematically stud-
ied electronic structures of chalcopyrite-type
CuAlSe, by first principles calculations using a
plane-wave pseudopotential method within a den-
sity functional formalism Y. In other aspect,
Reshak and Auluck presented results of the band

structure and density of states for the chalcopyrite
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compounds CuAlSe, using the state-of-the-art full
potential linear augmented plane wave ( FP-
LAPW) method .
al. obtained the elastic constants of CuAlSe, using
FP-LMTO (full potential linear muffin-tin orbit-

al), which calculated theoretically for the first
[23]

Furthermore, Abdellaoui et

time “**. They also proposed that the phase tran-
sition pressure between the rocksalt and chalcopy-
rite structure phases of CuAlSe, is 8. 89 GPa by
calculating the thermal properties. In practice,
the electronic, bonding and elastic properties are
important because they can provide a deep insight
into the inner properties of a material, and are al-
so essential for its possible applications. High-
pressure studies of these chalcopyrite semiconduc-
tors also have attracted considerable attention due
to their phase transition and electronic properties.
Thus in this work, we aim at providing more use-
ful information by density functional calculations.
In Sec. 2, the theoretical method is introduced and
the computation details are given. Some results
and discussion are presented in Sec. 3. Finally,
the summary of our main results is given in

Sec. 4.

2 Theoretical method and calcula-
tion details

In the electronic structure calculations, we
employ the ultrasoft pseudopotential density func-
tional theory method together with both the gen-
eralized gradient approximation (GGA) proposed

2] and the local density approxi-

by Perdew et al.
mation (LDA) proposed by Vosko er al. ' for
exchange-correlation potentials. A plane-wave
basis set with energy cut-off 880 eV is applied.
For the Brillouin-zone sampling, we use the 3 X3
X 4 Monkhorst-pack mesh *!, The self-consist-
ent convergence of the total energy is 1. 0X10¢
eV/atom, the maximum ionic force to 0. 05 eV/
A, and the maximum stress to 0. 1 GPa. These
parameters are carefully tested. It is found that
these parameters are sufficient to a well-con-
verged total energy. All these electronic structure
through  the

calculations are implemented

CASTEP code 7,

have investigated successfully the thermodynamic

By applying the method, we

properties of several materials "%,

3 Results and discussion

3.1 Structural properties

For the tetragonal structure CuAlSe,, the in-
itial structural model is built according to previ-
ous available lattice parameters a and c¢. In its u-
nit cell, Cu atom set at position (0, 0, 0), the at-
om of Al at position (0, 0, 0.5), and Se at posi-
tion (2, 0.5, 0.5). We determined the static e-
quilibrium structure by seeking for the minimum
energy of the crystal. In other words, the most
stable ground state structure of CuAlSe, can be
found by the total energy electronic structure cal-
culations over a wide range of primitive cell vol-
umes V, i.e., from 0.7V, to 1. 2V, , where V, is
the zero pressure equilibrium primitive cell vol-
ume. The detailed calculated procedures as fol-
lows: in the first step, for a given V. a series of
different axial ratio ¢/a are taken to calculate the
total energies E, and then minimized the total en-
ergy with the ratio ¢/a. This procedure is repeat-
ed over a wide range of V. Finally, we obtained
the equilibrium parameters a, ¢, and c¢/a of
CuAlSe, by fitting the calculated energy-volume
(E-V) data to the third-order Birch-Murnaghan e-
quation of state (EQS) 1,

AE(V)=E—E, =
V, 1 Vi h
7+ 7 + 7 7l/
BOVO[VO 1_80 B<)<B(> _1)] (18

where and V, are the zero temperature equilibrium
energy and cell volume, B, and B; are the bulk
modulus and its pressure derivative, respectively.

In Tab. 1, we list our results together with
the available experimental data and other theoreti-
cal results. Obviously, the obtained lattice con-
stants from the GGA method are better than
those from the LDA methods. The three pseudo-
pentials of norm-conserving (NC), ultrasoft and
OTF are applied in our calculation. In case for
GGA method, the obtained lattice constants a(c)
based on the three pseudopentials deviate 0. 089 %
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(0.94%), 0.25% (1.50%) and 0. 86 % (0.01%)
from its experimental values, respectively. But in
the case for LDA calculations, the obtained corre-
sponding errors are 0. 94%, 1. 50% and 0. 01%
for a, and 0.74%, 0.16% and 0. 05% for ¢, re-
spectively. It is obvious that the results from
GGA and NC seem to be the best. Its lattice con-
stants and the internal parameter of CuAlSe, are
consistent well with other theoretical and experi-
ment results. So we will investigate the mechani-
cal and electronic properties of CuAlSe, with this

method in the following.

ving) methods, we calculated the crystal coordi-
nate =, bulk modulus B, and pressure derivative
B, which are also listed in Tab. 1. Results show
that the obtained crystal coordinate 2 = 0. 26 a-
grees well with the results by Abdellaoui et al
251 " The obtained bulk modulus B, = 77. 24 GPa
is also in good agreement with other calculated re-
sults (71,15 0, 8587, 76,03 GPa ™). In addi-
tion, its pressure derivative By = 3. 58 is also con-
sistent with the conclusion of Abdellaoui er al
23] In fact, these excellent results indicate sup-

port for the reliability of the first-principles calcu-

Based on the GGA and NC (norm-conser-

lations presented here.

Tab.1 Calculated equilibrium lattice parameters of CuAlSe; ., together with the experiment data and other theoretical
results.
a/A /A c/a = By (GPa) BS
GGA(Norm-conserving) 5.611 11. 003 1. 961 0. 26 77.24 3.58
LDA(Norm-conserving) 5.557 10. 981 1.976
GGA (Ultrasoft) 5.592 11.063 1.978
LDA (Ultrasoft) 5. 485 10. 883 1.984
GGA (OTE) 5.558 11. 009 1. 981
LDA (OTF) 5.500 10. 905 1.983
Other calculationst*! (LMTO) 5.47 10. 90 1.99 0. 245 76.03 3.96
Other calculations ") ( TB-LMTO) 5.6099 10. 9578 1.953 71.15
Other calculationsts) (FP-LAPW) 5.602 10. 946 1. 954
Exp. (EDXRD)[d 5.61 10. 90 1.943 85
Exp. (PVMB) [¢) 5. 606 10. 90 1. 944

a. Obtained from FP-LMTO code [23); b. Obtained from TB-LMTO code [2°7; ¢. Obtained from FP-LAPW code (22 ; d. Obtained from the

X-Ray diffraction measurements -7/ ; e.

The pressure dependences of the normalized
lattice constants a/a,» ¢/c,s and the normalized
cell volume V/ V, of CuAlSe, are illustrated in
Fig. 1, where a,, coand V,are the zero pressure e-
quilibrium structure parameters. It is shown
that, as the applied pressure increases from 0 to
14 GPa, the ratio ¢/, (0.991%, 0.983%, 0. 976 %,
0. 969%, 0. 963%, 0. 958% ., 0. 953%) decreases
quickly, and its downward trend is more quick than
that in a/a, (0. 991%, 0.984%, 0.977%, 0.971%,
0. 965%, 0. 960%, 0.955%), indicating that the
compression along c-axis is larger. However, there is
no experimental data to be compared with our results

at present.

Obtained from the PVMB measurements -1,

Rations of a/a,c/c, VIV,

Pressure (GPa)

The calculated normalized parameters a/a, ,
¢/co s and the normalized cell volume V/V,

as a function of pressure at T=0 K

3.2 Elastic properties

We list our calculated elastic constants and
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aggregate elastic modulus B, shear modulus G,
B/G. Poisson ratios ¢, acoustic velocities V; and
Vs (km/s) and elastic Debye temperature @, of
tetragonal structure CuAlSe, at 0 K and 0 GPa in
Tab. 2. It can be seen clearly that our results are

in agreement with the other theoretical and exper-

imental data, which indicates that our results are
reasonable. In addition, from the Eq. (9), the
bulk modulus B, (in Tab. 2) obtained by our elas-
tic constants is 71. 93 GPa, which is consistent
with the value estimated by fitting the E-V data

mentioned above.

Tab. 2 Calculated elastic constants C; (GPa), bulk modulus B(GPa) of CuAlSe; at 0 K and 0 GPa, in comparison with

the experimental data.

Cn Cis Cu Cys Cis Cis B
Present 96.511 95. 354 43.635 44,920 58. 355 60. 580 71.93
Cal. 102. 918L<] 106. 072 46. 058+ 42,9350 60. 924L] 62. 7362 76. 0301 71, 150
Exp. 85Lbscl

a. Obtained from FP-LMTO code [21; b, Obtained from the X-Ray diffraction measurements ['7); ¢, Obtained from the X-Ray diffraction

measurements 6],

In Tab. 3, under a wide range of pressure (0-
14 GPa), the elastic constants of CuAlSe,in dif-
Ci s
While the elastic

constants C,, and Cg remain nearly unchanged

ferent vegetation: C,;, Cy;, C,; increase

with the increasing pressure.

with the increasing pressure, which also can be

observed from Fig. 2. It is also noted in Tab. 3
that C,; > C3;; in the whole range of pressure,
which predicts that the atomic bonds along the
{100 }
stronger than those along {001} planes.

between nearest neighbors are

planes

Tab. 3 Calculated elastic constants C; (GPa), bulk modulus B (GPa), shear modulus G (GPa), B/G, Poisson ratio ¢, a-

coustic velocities, and V; and Vs (km/s), and Deybe temperature @, (K) of CuAlSe, under pressure P(GPa).

P 0 2 4 6 8 10 12 14 15
Cp 96.51 106. 24 113. 67 122.76 130. 05 138.93 145. 97 155.12 156. 98
C 95.35 103. 82 112. 47 120. 94 127. 48 134. 30 141. 72 149. 00 148. 71
Cu 43.63 44.05 44,25 44. 26 44,33 44.67 45.79 46. 38 49.08
Cse 44.92 44. 86 44.59 45.50 45.92 46.51 46. 80 47.40 57.97
Ciz 58.35 68.07 76. 86 86. 44 94. 89 104. 89 113. 51 123. 21 124.12
Cis 60.58 70. 23 79.43 89.49 97.72 107.58 115.74 124. 86 127.15

B 71.93 81.48 90. 14 99.70 107.59 116. 72 124. 84 133. 87 135. 46

G 30. 84 30. 82 30. 41 30.16 29.78 29.40 29.19 29.09 30.63
B/ G 2.33 2.64 2.96 3.31 3.61 3.97 4.28 4. 60 4.42

o 0.31 0.33 0.35 0. 36 0.37 0. 38 0.39 0. 40 0.39
Vi 5.90 6.06 6.18 6.33 6.43 6.56 6.67 6. 80 6.53
Vs 3.08 3.04 2.98 2.94 2.89 2.85 2.82 2.79 2.72
Op 292.38 291.70 289. 28 287.66 285. 31 283. 04 281.56 280.63 346. 95

For a tetragonal crystal, the mechanical sta-
bility leads to restrictions on the elastic constants
under pressure as follows 2/, (C,, +Cy — 2C1)
=>0.,Cyy >0.Cyy >0,Cyy >0.Co5 >0,Cyy —Cyp >
0. (2C,y +2C), +Cyy +4Cy) > 0, where C,, =

C.. —P(a =1,3,4,6),C, =C,, +P,Cy; =Cy5 +
P. It is obvious from Tab. 3 that the elastic con-
stants of CuAlSe, satisfy all of these conditions a-
bove at pressure P below 14 GPa. In order to fur-

ther study, we try to add up to 15 GPa ( in Tab.
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3), and found that when P>14 GPa, ., it sug-

gests that its structure phase transition of

CuAlSe, may be happened, which agrees with the

experiment H%,
160
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Fig. 2 Pressure dependencies of elastic constants of
CuAlSe, at 0 K.

The bulk modulus of a material reflects its
resistance to volume change, and the shear modu-
lus describes the resistance to shape change.
These two parameters closely related to the me-

B3] From

chanical performance of a material
Tab. 3, we can find that the bulk modulus B in-
creases gradually with the increase of pressure,
indicating that tetragonal structure CuAlSe, be-
comes more difficult to compress with increasing
pressure. In addition, a high (low) B/G value,
which separates ductile and brittle materials, is a-
bout 1. 75. In our work, from Tab. 3, the B/G
ratio of tetragonal structure CuAlSe, is 2. 33,
hence describing the structure of this material as
ductile. Tab. 3 also shows that the calculated val-
ues of B/G increases with increasing pressure, in-
dicating that it becomes much harder with the in-
creasing pressure.

According to the elastic constants obtained,
we can also obtain the compressional and shear
wave velocities of CuAlSe, under pressure. We
list them in Tab. 3, and the results of them are V|
= 5.90 km/s and Vs= 3.08 km/s at 0 GPa. It is
shown that with the increasing pressure, the com-
pressional wave velocities increases in Fig. 3. The
shear wave velocity changes slowly with the elevated

pressure, and fluctuates inconspicuously at higher

pressure. Unfortunately, there are no experimental
data to be compared with our results.

The Debye temperature is an important pa-
rameter related to many physical properties of
solids, such as specific heat, elastic constants,
and melting temperature. From the calculated De-
bye temperature in Tab. 3, we can clearly see that
the Debye temperature decreases with the increas-
ing pressure. Unfortunately, there is also no ex-
perimental and theoretical data for our compari-

son.
7.0

6.5F

6.0k

55

50F

45+  |—e—v

V, and 1§ (km/s)

40
35

3.0F < ° °

25 I PR NP TP T |
0 2 4 6 8 10 12 14

Pressure (GPa)

Fig.3 The compressional and shear wave veloci-
ties of CuAlSe, as a function of pressure
at T=0.

3.3 Thermodynamic properties

The thermal expansion coefficient and specif-
ic heats C, are the important reference to predict
material properties, especially for the thermody-
namic properties. We present the variations of the
thermal expansion ¢ and specific heats C, with
temperature and pressure in Figs. 4 and 5 respec-
tively. Seen from the Fig. 4, at a given pressure,
@ increases exponentially at low temperatures and
gradually approaches a linear increase at high
temperature. As the pressure increases, the
growth trend of o with temperature becomes
smaller and smaller, especially at high tempera-
ture. However, at a given temperature, o decrea-
ses drastically with the increasing pressure.
When the pressure increase to above 10 GPa, the
thermal expansion o« of 600 K is just a little larger
than that of 500 K and the curves of 400, 600 and
800 K seem to be consistent at high pressure,

which means that the temperature dependence of



% 4 A, & CullSe, BGHET LM FBM A FHRNHE—HRILITHE

777

a is very small at high pressure and high tempera-
ture.

In Fig. 5, we can find that the C, rises rapid-
ly with the temperature at low temperatures, but

at high temperatures, the anharmonic effect on
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3.4 Electronic structure

One can see from Fig. 6 that the bands below
the Fermi level can be divided into three parts, i.
e. the first part is located in the range of —14 to
—12 eV (part [ ); the second one is between —7
and —3 eV (part[[ ); the third one extends from
—2 to the Fermi level (part [[[). Apparently, in
parts[[ and [ , the bands located at around —13,
—6 and —1 eV have a remarkably localized char-
acteristic, but the others behave much disper-
sing. To find the reasons for these characters, we
make an investigation to the calculated total den-

sity of states (TDOS) and partial density of states

C, is suppressed, C, converges slowly to the Du-
long-Petit limit. It also shows that the effect of
temperature on the special heat capacity C, is

much larger than that of pressure.

2.5

N
=)

Therm al expansion (ll)-sK-l)

0.5 N L L L N 1 L
0 2 4 6 8 10 12 14
Pressure (GPa)

(b

Thermal expansion versus temperature and pressure of CuAlSe,.
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The heat capacity C, of CuAlSe, as a function of temperature T at several pressures.

(PDOS), which are illustrated in Fig. 7. It is
found that the bands at —6 eV come from the
sharp hybridization among Se-3p and Al-3s orbit-
als; the bands at —13 and —1 eV mainly originate
from Se-3s and Cu-3d state, respectively, a well-
known state for its strongly localized characteris-
tic. These origins give these bands a similar flat
outer behavior. The bands below —12 eV in part
| result from the interaction between Se-3s and
Al-3s, 3p; the bands above —7 eV in part [[ de-
rive largely from Se-3p, Cu-3d and Al-3s, 3p;
while the bands in part [[[ are mainly composed

by Cu-3d orbitals, together with contributions
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from Se-3p. As is known, the s and p electrons
are the outer electrons of Al and Se atoms, when
these atoms are tetrahedrally coordinated with
each other, they often form the sp® hybridization,
which is a stronger orbital interaction and then
leads to a dispersing behavior of the correspond-
ing bands. But in part [l , some s electrons of Al
atom have to contribute to form the Al-Se bond,
which to some extent weakens the interaction be-
tween Se-3p and Al-3s, together with a lager e-
lectron population in this part, making the corre-
sponding bands seem dense and not so much fluc-
tuant. It is noticed that the top of the valence
bands are chiefly occupied by Cu-3d, while the
bottom of the conduction bands are mainly formed
by Al-3s, 3p and Cu-4s, which means that when
the electrons are excited, there is a larger possi-
bility for them to transit from Cu-3d to Al-3s, 3p
or Cu4s, forming the absorbing edge of the
measured optical spectral.

The calculated density of
(TDOS) and partial density of states (PDOS) at

total states
high pressure are also illustrated in Fig. 7. It is
found that: (1) The TDOS values become smaller
when the pressure is increased, especially the val-
ue in the range of valance band, as well as the
peak value of Cu-3d. Thus, we can predict that
the obtained peak is due to 3d of Cu. (2) The
peak of Al-3s in the conduction band moves slow-
ly away from it. Therefore, the DOS peak near
2.5 eV moves right slowly.

4 Conclusions

We have investigated the electronic structure
and elastic properties of CuAlSe, under pressure in
the frame of the
(DFT).

density functional theory
The calculated lattice parameters of
CuAlSe, at zero pressure and zero temperature
from GGA and norm-conserving are in agreement
with the available experimental and theoretical
data. According to the electronic structure calcu-

lations, the pressure dependence of the lattice
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Fig. 6 Band structure of CuAlSe;: dotted line at 0

eV refers to the Fermi energy level.
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Fig. 7 Calculated total and partial density of states of

structure CuAlSe;at 0 GPa (a) and 10 GPa (b).

constants and cell volume are analyzed, and re-
sults show that the compression along the c-axis
is larger than the ¢- and b-axis.

The calculated elastic constants and bulk
modulus are in agreement with the available ex-
perimental and other theoretical data. It is found

that, CuAlSe, is mechanically anisotropic in the
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range of 0 to 15 GPa, in which the elastic con-
stants C;;, Cy3, Cy,s Cyyincrease, and the varia-
tion of elastic constants C,,and Cg is not obvious
as pressure increases. The computed ratio of B/G
is larger than 1. 75, indicating that CuAlSe,is a
ductile crystal; the calculated Poisson ratio re-
veals that it is an ionic-covalent crystal.

We also have investigated the thermal prop-
erties of CuAlSe, by utilizing quasi-harmonic De-
bye model. The thermal calculations show that
the thermal expansion coefficient is positively re-
lated to the temperature changes, and negatively
related to the pressure varied. And the effect of
temperature on the special heat capacity C, is
much larger than that of pressure.

Furthermore, we analyses the variety tend-
ency of the TDOS and PDOS at high pressure. It
is found that the TDOS values become smaller
when the pressure is increased, especially the val-
ue of valance band, as well as the peak value of
Cu-3d. Thus, we can predict that the obtained
peak is due to 3d of Cu.
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